Brassicaceae is an important family at both the agronomic and scientific level. The family not only inlcudes several model species, but it is also becoming an evolutionary model at the family level. However, resolving the phylogenetic relationships within the family has been problematic, and a large-scale molecular phylogeny in terms of generic sampling and number of genes is still lacking. In particular, the deeper relationships within the family, for example between the three major recognized lineages, prove particularly hard to resolve. Using a slow-evolving mitochondrial marker (nad4 intron 1), we reconstructed a comprehensive phylogeny in generic representation for the family. In addition, and because resolution was very low in previous single marker phylogenies, we adopted a supermatrix approach by concatenating all checked and reliable sequences available on GenBank as well as new sequences for a total 207 currently recognized genera and eight molecular markers representing a comprehensive coverage of all three genomes. The supermatrix was dated under an uncorrelated relaxed molecular clock using a direct fossil calibration approach. Finally, a lineage-through-time-plot and rates of diversification for the family were generated. The resulting tree, the largest in number of genera and markers sampled to date and covering the whole family in a representative way, provides important insights into the evolution of the family on a broad scale. The backbone of the tree remained largely unresolved and is interpreted as the consequence of early rapid radiation within the family. The age of the family was inferred to be 37.6 (24.2-49.4) Ma, which largely agrees with previous studies. The ages of all major lineages and tribes are also reported. Analysis of diversification suggests that Brassicaceae underwent a rapid period of diversification, after the split with the early diverging tribe Aethionemeae. Given the dates found here, the family appears to have originated under a warm and humid climate approximately 37 Ma. We suggest that the rapid radiation detected was caused by a global cooling during the Oligocene coupled with a genome duplication event. This duplication could have allowed the family to rapidly adapt to the changing climate.
Introduction
The Brassicaceae is an important family that includes several species of crops (e.g., Brassica spp.), weeds (e.g., Capsella, Lepidium, Sisymbrium, and Thlaspi), ornamentals (e.g., Hesperis, Lobularia, and Matthiola), and the model organism for flowering plants Arabidopsis thaliana (L.) Heynh. In recent years, many molecular phylogenetic analyses at the tribal (Bailey et al. 2002; Warwick and Sauder 2005; Warwick et al. 2007 Warwick et al. , 2008 Zunk et al. 1999 ) and family levels (Koch et al. 2001 (Koch et al. , 2007 Bailey et al. 2006; Beilstein et al. 2006 Beilstein et al. , 2008 Koch and Mummenhoff 2006; Franzke et al. 2009 ) have been published (for a review see Al-Shehbaz et al. 2006; Koch and Al-Shehbaz 2009 ). These studies have contributed significantly to a better understanding of the systematics and evolution of the family as well as the delimitation and relationships of the tribes. In all familywide analyses, Aethionema (including Moriera) was sister to the rest of the family that formed three weakly defined major lineages each consisting of several tribes Bailey et al. 2006; Beilstein et al. 2006 Beilstein et al. , 2008 Franzke et al. 2009 ). However, there is a lack of resolution in the backbone of the Brassicaceae tree (e.g., relationship between the major lineages as well as relationships of other groups to these major lineages), regardless of the molecular marker(s) used. In an attempt to resolve that backbone, Franzke et al. (2009) sequenced a slow-evolving mitochondrial (mt) maker, nad4 intron 1, which was shown to be 23 times slower than the rDNA ITS sequences in the family . They used a small sample of 49 genera representing all tribes recognized by Al-Shehbaz et al. (2006) , but the nad4 intron 1 resolution among tribes remained low. However, their findings showed a strong phylogenetic congruence with those based on nuclear rDNA ITS (Bailey et al. 2006) , chloroplast ndhF , and nuclear phyA (Beilstein et al. 2008) sequence data.
The lack of basal resolution in the Brassicaceae perhaps resulted from the radiation events during the early stages of its evolution (Bailey et al. 2006; Koch et al. 2007; Franzke et al. 2009 ). Under such a scenario, one would ideally expect to obtain short branches subtended by longer ones independent of the DNA marker(s) used, which suggests that diversification and evolutionary rates in the family were not constant during its evolution. Indeed, one would expect to infer higher diversification rates at the early stages of the phylogenetic tree for the family, followed by a decrease in rates, and eventually subsequent additional radiation events. Alternatively, the observed lack of basal resolution in the Brassicaceae phylogenetic trees could be the product of ''among-tree conflict,'' possibly caused by processes such as recombination or ancient hybridization.
Molecular dating and age estimates of the family have been controversial (table 1) . Using estimates of synonymous mutation rates of the nuclear marker chalcone synthase (Chs) with alcohol dehydrogenase (Adh) as well as the chloroplast marker maturase (matK) with Chs, Koch et al. (2000 Koch et al. ( , 2001 dated the crown age of the Brassicaceae to be between 30 and approximately 60 Ma. Estimations of the origin of Brassicaceae based on timing of the genome duplication in Arabidopsis yielded ages situated around 34 Ma (Schranz and Mitchell-Olds 2006) , 38À30 Ma (Ermolaeva et al. 2003) , or 40À24 Ma (Henry et al. 2006) . A significantly younger age of 15 Ma (1À35) was estimated by Franzke et al. (2009) using a secondary calibration approach under a relaxed uncorrelated molecular clock.
Concepts on evolutionary processes at the family level are developing quickly in the Brassicaceae. There is not only a model of the ancestral karyotype (Lysak et al. 2006 but also a model to reconstruct genome structure evolution in a modularized way (Schranz and Mitchell-Olds 2006; Schranz et al. 2007 ). Both concepts are closely related to and influenced by ideas on genome size evolution (Lysak et al. 2009 ). However, any of these studies strongly depend on reliable evolutionary hypothesis in terms of phylogeny but also modes of evolution. What are the most important milestone accomplishments in crucifer phylogenetics during the past two decades? In principle, and aside from the wealth of knowledge on the model species Arabidopsis and Brassica, they are at least four: 1) achieving a new infrafamiliar classification based on phylogenetically circumscribed genera and tribes and genera, 2) phylogenetic circumscription of the order Brassicales and the determination of Cleomaceae as the closest and sister family to Brassicaceae, 3) unravelling general principles of crucifer evolution by exploring species-or genus-specific evolutionary histories, and 4) detailed information on karyotype and genome evolution across the family including genetic and cytogenetic maps as well as whole-genome DNA sequence data sets.
This study has three major objectives that open up new perspectives into the evolutionary history of the Brassicaceae. First, we evaluated the potential of the mt marker nad4 intron1 to resolve Brassicaceae relationships under an almost complete generic sampling of the family. Second, by means of a supermatrix approach, we generated a comprehensive evolutionary framework for the whole family, both in number of characters and generic representation to test recent tribal delimitation. Third and most importantly, we tested the hypothesis of an early radiation in the history of the family by dating the resulting supermatrix tree using a primary calibration point and undertaking analyses of diversification within the family.
Material and Methods

Molecular Markers and Taxon Sampling
Nad4 Intron 1 Mitochondrial Marker Data Set. The first intron of the mt gene for NADH subunit 4 (nad4 intron 1) was selected for this analysis because it is considered to be slow evolving (Yang, Lai, Tai, Ma, et al. 1999) . Sampling for this data set was built on Franzke et al. (2009) . A total of 287 taxa were sequenced for nad4 intron 1. Of these, 45 taxa had identical nad4 intron 1 sequences (supplementary table S1, Supplementary Material online). We thus used just one taxon per identical species, reducing the number of taxa to 257 species representing 235 currently recognized genera. This represents the largest sampling to date of Brassicaceae genera for a single phylogenetic marker (supplementary table S2, Supplementary Material online). Experimental procedures to generate nad4 intron 1 sequences followed Franzke et al. (2009) , and in summary we added 235 new sequences here.
The complete list of taxa sampled as well as their Gen-Bank numbers is given in supplementary table S2 Koch et al. (2000 Koch et al. ( , 2001 30À60 Ma Synonymous mutation rates Ermolaeva et al. (2003) 24À40 Ma Arabidopsis genome duplication Schranz and Mitchell-Olds (2006) 34 Ma Arabidopsis genome duplication Henry et al. (2006) 24À40 Ma Arabidopsis genome duplication Fawcett et al. (2009) ca. 40 Ma Arabidopsis genome duplication Franzke et al. (2009) 15 Ma Secondary calibration/relaxed molecular clock Supermatrix Data Set. We adopted a supermatrix approach following Bailey et al. (2006) . This matrix was constructed by concatenating unpublished and available GenBank sequences for seven additional commonly used genes in Brassicaceae phylogenetics (supplementary table  S3 , Supplementary Material online). These include ITS, chs, adh of the nuclear genome (nDNA), and matK, trnLÀF, ndhF, and rbcL of the plastid genome (cpDNA).
With the addition herein of nad4 intron 1 (mtDNA), the resulting sample represents a comprehensive coverage of all three genomes. Incongruence between gene trees has been shown not to be a major issue within Brassicaceae phylogenetics with most markers returning similar relationships on the broad family scale Franzke et al. 2009; Koch and Al-Shehbaz 2009) . Indeed, concatenating sequence data in Brassicaceae, via supermatrix or supernetwork approaches, has been done repeatedly in the past though at smaller taxon sampling scales (Bailey et al. 2006; Koch et al. 2007; Lysak et al. 2009 ). Moreover, because of the size of the data set and the large proportion of unequal taxon sampling between the different markers used, topology-based incongruence tests (e.g., Kishino and Hasegawa test; Kishino and Hasegawa 1989) are either impossible to apply or prohibitively computer intensive (e.g., incongruence length difference test; Farris et al. 1994 ). Here we choose to generate separate maximum likelihood (ML)based gene trees (see below) and scanned them for wellsupported incongruencies. For the taxon sampling, we included as many genera as possible. We also included old names of genera that have been recently reduced into synonymy (supplementary table S4, Supplementary Material online). These older names are retained because they are still used in all floras, monographs, and herbaria. However, the numerous nomenclatural adjustments (supplementary  table  S4 , Supplementary Material online), which were published in scattered journals within the past 3 years, are compiled herein for the first time to update the reader and serve as a guide for future studies. The complete list of taxa used for the supermtrix analysis as well as GenBank numbers for all sequences is given in supplementary table S4 (Supplementary Material online).
For the sampling of markers per taxon, we generally adopted the ''bottom up-top down'' approach (Wiens et al. 2005; Pirie et al. 2008 ) that combines the conservative and slow-evolving markers for a small number of taxa used as placeholders with the more variable and faster evolving markers for the entire study group. ITS sequence data has been used extensively in Brassicaceae systematics mainly for resolving relationship within tribes (Koch et al. 1999 (Koch et al. , 2001 (Koch et al. , 2003 Mummenhoff et al. 2001; Bailey et al. 2002; Warwick et al. 2002; Warwick, Al-Shehbaz, Sauder, Harris, et al. 2004 Koch and Mummenhoff 2006; Warwick et al. 2007 Warwick et al. , 2008 Nagpal et al. 2008) and was therefore selected here. A total of 58 generic representatives were newly sequenced for ITS, whereas 154 additional sequences were retrieved from GenBank (supplementary table S4, Supplementary Material online). The remaining genes included in this study, including nad4 intron 1, are generally considered as slow-evolving relative to the ITS and hence deemed more useful in resolving ''deeper'' phylogenetic relationships.
As nad4 intron 1 appeared to be very slow evolving within Brassicaceae (see Results), a selection of taxa for this gene was made. Per well-supported tribe identified based on ITS sequences, one to four nad4 intron 1 sequences were selected (supplementary table S4, Supplementary Material online). In particular, we focused our nad4 intron 1 subsampling on taxa that were also represented by several other genes, especially ndhF ( fig. 1 ). For the matK marker, a total of 33 sequences (for 33 genera) were generated according to Abdel Khalik (2002) and those for 25 other genera were obtained from GenBank. All sequences were aligned using MUSCLE on the online server of the European Bioinformatics Institute at http://www.ebi.ac.uk/Tools/ muscle/index.html. Aligned sequences were then manually checked and adjusted using PAUP* (version 4.10b; Swofford 2002) .
To minimize missing data, but producing composite taxa in the same time, we concatenated sequences from different species of the same genus (supplementary table  S3 , Supplementary Material online) following Springer et al. (2004) . This was only done if evidence for monophyly of the genus or group existed in literature (supplementary  table S3 , Supplementary Material online). We feel it is inevitable to follow this approach when extracting information from GenBank because the relevant data were not often obtained by targeted sequencing efforts. Thus, sequences for a given gene generated from identical specimen vouchers or species are rare in GenBank. The alternative approach would be to break down the composite taxa and treat them as separate terminals (Malia et al. 2003) . One major drawback of this method is that, as there will be no sequences in common between the decomposed taxa, discovery of synapomorphies for that taxon is hampered (Springer et al. 2004 ). This in turn leads to highly unresolved trees and failure to reconstruct previously well-supported clades (Malia et al. 2003) . The use of composite taxa has been successfully undertaken in other largescale phylogenetic studies (Simpson et al. 2002; McMahon and Sanderson 2006; Burki et al. 2007; Baker et al. 2009 ).
Parsimony Analysis
Following Pirie et al. (2008) , a two-stage heuristic search strategy was used for the nad4 intron 1 data set to find the set of most parsimonious trees. First, 100 parsimony ratchet searches (Nixon 1999 ) of 100 generations each were performed, using PAUPrat (Sikes and Lewis 2001) to find islands of shortest trees. For the supermatrix data set, the number of parsimony ratchet searches was reduced Diversification in Brassicaceae · doi:10.1093/molbev/msp202 MBE to 50 with 100 generations each. The resulting shortest trees were then used as starting trees for a second round of heuristic searching by applying tree bisection reconnection (TBR) branch-swapping algorithm and limiting the number of saved trees to 10,000. For both data sets, branch support was estimated using jackknife analyses of 100 replicates with ''full'' heuristic searches of 10 random addition sequences, TBR, saving 10 trees each time. For every marker and every data set, only parsimony-informative (PI) indels were coded following the simple coding model (Simmons and Ochoterena 2000) .
ML Analyses
In the past years, ML methods have undergone a huge boost in efficiency of tree-searching algorithms (Guindon and Gascuel 2003; Stamatakis 2006; Zwickl 2006; Morrison 2007 ). These algorithms are very time efficient allowing for fast and accurate estimation of ML trees, and even bootstrapping, on large data sets. For this study, we used the RAxML web-server program available at the CIPRES portal in San Diego (http://8ball.sdsc.edu:8889/cipres-web/ Home.do). This online version implements a very efficient and rapid bootstrap heuristic in RAxML (Stamatakis et al. 2008) . For each analysis, the ''Maximum likelihood search'' and ''Estimate proportion of invariable sites'' boxes were selected, with a total of 100 bootstrap replicates performed. In the case of the supermatrix, 300 bootstrap replicates were performed.
Bayesian Estimation of Phylogeny
Both Bayesian reconstruction of phylogenetic relationships and molecular dating were determined from the supermatrix data set by applying BEAST v1.4.8 (Drummond and Rambaut 2007) . We prefer BEAST to other Bayesian inference programs (e.g., MrBayes; Ronquist and Huelsenbeck 2003) because first it implements a faster likelihood search method and performs well on large analyses (Shapiro et al. 2004; Drummond and Rambaut 2007) . Secondly, it allows incorporation of the assumption of a relaxed molecular clock, as time-dependency of the evolutionary process is thought to be of importance in Bayesian estimation of phylogenies, based on DNA sequence data (Drummond et al. 2006 ). Finally, BEAST allows the incorporation of a starting tree, the use of which allows a quicker converge of the Bayesian Markov chain Monte Carlo (MCMC) run and, therefore, significantly decreases the time needed for analysis of large data sets (Pirie et al. 2008 ). The ML tree, found with RAxML and rendered ultrametric using the program r8s (Sanderson 2003) , was used as a starting tree for independent BEAST runs. As the supermatrix deviated from a strict molecular clock model and rates between adjacent branches were uncorrelated (see Results), a lognormal uncorrelated relaxed clock model was specified in BEAST. We included two speciation process models: birth-death (Gernhard 2008) and pure birth (Yule 1924) as they were shown to yield different age estimates (Gernhard 2008 ). The Bayes factor as implemented in Tracer 1.4 (Rambaut and Drummond 2003) was used to select the best-fitting model under the smoothed marginal likelihood estimate and with 100 bootstrap replicates (Suchard et al. 2001) . The supermatrix data set was not partitioned into individual genes, and a general time reversible model without gamma rate distribution was applied. We are aware of the benefits of data partitioning when using Bayesian analyses (Nylander et al. 2004; Brandley et al. 2005) ; however, reducing the complexity of such analyses increases the number of tree topology changes suggested during the MCMC, thus leading to better exploration of tree topology space. This approach, in combination with a starting topology, allowed independent runs to reach stationarity and to converge to similar parameter likelihoods under the imposed time limit (see below).
A total of 30 independent runs of 2 million generations each were undertaken on the online cluster of the Computational Biology Service Unit from Cornell University (http://cbsuapps.tc.cornell.edu/beast.aspx). This cluster imposes a time limit of 3 days (72 h) per analysis but allows several runs of the same analysis simultaneously. Analyses were undertaken by sampling every 1000th generation. Tracer 1.4 was used to check for convergence of the model likelihood and parameters between each run until reaching stationarity. The resulting log and tree files were then combined using LogCombiner. Results were considered reliable once the effective sampling size (ESSs) of all parameters were above 100 (see results for the total number of generations). Finally, branches with posterior probabilities (PP) below 0.8 were considered as weak, between 0.8 and 0.95 as moderate, and above 0.95 as strong.
Fossil Calibration and Molecular Dating
Brassicaceae has a fairly poor record of macrofossils (Schulz 1936; Appel and Al-Shehbaz 2003) . For this study, we relied on theTuronian taxonfossilDressiantha(ca.85Ma; Gandolfo et al. 1998 ). Theset of characters found in Dressiantha, such as the presence of a gynophore, unequal petal size, or a bicarpellate gynoecium, suggest an affinity with the order Brassicales (sensu APGII 2003). This fossil has been used in the past for calibration of the Brassicales (Magallon et al. 1999; Magallon and Sanderson 2001) . To incorporate this fossil as a primary calibration point, we selected a certain number of outgroup taxa leading up to the crown group of the Brassicales (table 1) . Diversification in Brassicaceae · doi:10.1093/molbev/msp202 MBE Dressiantha was placed at the crown node of Brassicales (split between Tropaeolaceae/Akaniaceae and the rest of the Brassicales families). Moreover, to accommodate for calibration uncertainty, we applied a normal distribution as prior to the calibration node within the BEAST analysis with a mean of 89.5 Ma and standard deviation of 1 (effectively enclosing dates from 86À91 Ma). Although normal prior distributions are used when dating trees under an indirect approach (Ho 2007) , we prefer this type of distribution because it does not place a strict minimum age on the calibration. Indeed, the actual dating of the fossil is also subject to uncertainty and by allowing the ages to vary around the mean of the distribution appears as a more realistic choice.
Rates of Diversification
To provide an indication of diversification rates in the family, we generated a semilogarithm lineage-through-time (LTT) plot using the LASER package version 2.2 (Rabosky 2006) . The LTT plot was generated on the last 1,000 trees sampled from the posterior to account for phylogenetic uncertainty. For each posterior BEAST tree, the nine outgroups were pruned and the root node of the Brassicaceae was set to 37.6 Ma (the average crown age recovered from the BEAST analysis; table 1) using TreeEdit v1.0a10 (Rambaut 2002a ). The mean LTT curve was computed as well as the 95% confidence intervals (CI) and referred to as the ''mean Bayes LTT plot.'' This ''plot'' was compared with null models of constant rate diversification under two extreme relative extinction rates (speciation k; extinction l; extinction rate a 5 l/k 5 0 and 0.9, with k 5 0.2). To account for incomplete taxon sampling (Pybus and Harvey 2000) , these null distributions were generated by Markov-chain tree simulations using Phyl-O-Gen 1.1 (Rambaut 2002b) . Per extinction rate, 1,000 phylogenies were generated to a standing diversity of 3,709 terminals (total number of species recognized in Brassicaceae; Warwick, Francis, et al. 2006 ) and randomly pruned to 226, reflecting our 226 sampled taxa (see Results). The resulting 226 taxon trees were used to compute mean and 95% CI LTT curves after rescaling the root node to 37.6 Ma. In addition, the mean Bayes LLT plot was compared with the null models (0 and 0.9) by Kolmogorov-Smirnov goodness-of-fit tests. Even though we have significant amount of missing taxa, we have sampled a large number of genera as well as all tribes within the family. Thus, sampling of lineages is complete in the older parts of the phylogeny becoming progressively more incomplete toward the present (Ricklefs et al. 2007 ). Accordingly, we restrict our interpretations to the older proportions of the LTT plot.
We tested the null hypothesis of no-rate change versus a variable-rate change in diversification, using the ML approach of Rabosky implemented inthe LASER package version 2.2 (Rabosky 2006) . The test statistic for diversification rateconstancy is calculated as: DAIC RC 5 DAIC RC À DAIC RV , where AIC RC is the Akaike information criterion score for the best-fitting rate-constant diversification model, and AIC Rv is the AIC for the best fitting variable-rate diversification model. Thus, a positive value for DAIC Rv indicates that the data are best approximated by a rate-variable model. We tested four different models, of which two are rate-constant and two are rate-variables. 1) The constant-rate birth model (theYuleprocess;Yule1924)withoneparameterk andlsetto zero; 2)theconstant-rate birth-deathmodel with two parameters k and l; 3) a pure birth rate-variable model where the speciation rate k 1 shifts to rate k 2 at time t s , with three parameters (k 1, k 2 , and t s ); 4) same as 3) but with two shifting points and three different speciation rates (five parameters). The LTT plot derived from the maximum clade credibility (MCC) tree was used for this part.
In addition, we calculated the gamma (c) statistic (Pybus and Harvey 2000) to test if diversification has decelerated through time. When c is negative, the internal nodes are closer to the root than expected under a pure-birth model (k 5 0), thus indicating a decrease in diversification through time. The posterior distribution of the c-statistic was computed from 1,000 posterior trees from the BEAST analysis. It has been shown, however, that incomplete taxon sampling can lead to a type I error (incorrect rejection of the constant rate null hypothesis). We thus applied the Monte Carlo constant rate test of Pybus and Harvey (2000) as implemented in the LASER package version 2.2 (Rabosky 2006) . We compared the empirical c-statistic distribution computed from the 1,000 posterior trees (from the BEAST analysis above) with the distribution of a c-statistic of 1,000 simulated phylogenies under a pure birth model.
Finally, we calculated absolute net diversification rates (speciation minus extinction) for the family (3,709 species; Warwick, Francis, et al. 2006 ) and for the core Brassicaceae (3,652 species; Warwick, Francis, et al. 2006 ) by using the crown age under a high level of extinction (k 5 0.9) and no extinction (k 5 0) following Magallon and Sanderson (2001) . These rates were computed using the LASER package version 2.2 (Rabosky 2006) .
Results
Nad4 Intron 1 Analyses
The total length, after alignment of the 259 sampled taxa (including the two outgroups), was 1,495 bp with an extra 168 PI indels coded. This led to a total of 389 (23.8%) PI characters. Of 100 ratchet searches, 24 gave a shortest tree of 947 steps (CI 5 0.49; retention index 5 0.85). The other ratchet searches found trees of 948 to 953 steps long. The resulting jackknife consensus tree was unresolved with more than one-third of sampled taxa (94 of 257) collapsing in a polytomy. The ML bootstrap analysis in RAxML also resulted in a weakly support tree (supplementary fig. S1 , Supplementary Material online). Nevertheless, several tribes received high support (e.g., Cardamineae). The sister relationship of Aethionema with the rest of the Brassicaceae was strongly supported by bootstrap values while the deeper relationships within the core Brassicaceae remained unresolved.
Supermatrix Analyses
The 226 (table 2) contained 10,020 characters (analyzed under ML and BEAST), or 10,295 when the 275 PI indels were added (maximum parsimony [MP] analysis). For the ITS partition, several regions were excluded from the analysis because of alignment ambiguities (positions 133-167; 502-529; 598-608; 634-652) . In the resulting supermatrix, 75% of data were missing, where 86 taxa had more than 90% of data missing, whereas 34 taxa had 50% or less data missing (supplementary table S3, Supplementary Material online). In total, 2,019 (20%) characters were PI (table 2). The ITS data set provided the most number of PI characters for a single marker (52%; 19% in total, including indels). However, rbcL and nad4 intron 1 had the lowest number of PI characters (3% and 7%, respectively).
For the parsimony analysis, a shortest tree of 12,889 steps long (CI 5 0.35 RI 5 0.55) was found twice out of the 100 ratchet searches conducted. The length of the other trees found varied from 12,890 to 12,913 steps long. For the RAxML analysis, the final ML optimization likelihood was of À90134.5.
Because of the time limit imposed by the server on the Bayesian phylogeny estimations, no runs reached the 2 million generations specified, and runs were stopped between 1.8 and 1.9 million generations. However, all 30 independent runs reached stationarity within the first 10,000 generations (because the starting tree was already near optimum), and all parameter estimates were consistent between runs. Runs were thus combined, after removing a burn-in of 20,000 generations each, into a single run of 55 million generations. All parameters, including age estimates, reached acceptable ESS values and were thus deemed reliable (ESS . 100). The Bayes factor strongly favored the Yule model over the birth-death model (logarithm of Bayes factor in favor of Yule model 5 12 ± 0.46) and, therefore, results under the Yule model are presented here. The tree files generated under the Yule speciation model were combined after a burn-in of 200 trees each. As the resulting combined tree file was too large to analyze in TreeAnnotator (1.5 . Giga bytes), combining of the independent runs was redone. This time it was resampled at a lower frequency of every 5000th tree resulting in a file containing 11,500 trees sampled from the posterior and used to generate the MCC tree in TreeAnnotator.
Phylogeny
After a visual check, no well-supported conflicts (i.e., those receiving bootstrap (BS) . 90%) were found between individual genes trees. Figure 1 represents a cladogram version of the ML tree from the supermatrix analysis. When the PI indels were excluded from the analyses, the same relationships were observed, but some clades received lower support. In general, the jackknife (JK) majority rule consensus, the ML and MCC trees agreed, and wellsupported clades were identical in all cases. However, five moderately to strongly supported incongruencies were found between the JK and the ML/Bayes tree topologies, indicated with stars in supplementary figure S2 (Supplementary Material online). Some of them are only moderately supported in all analyses (e.g., conflicts A and B), and some are strongly supported and invert a few relationships at the generic level (e.g., C, D, and F). The most serious conflict identified pertains to the position of the Lepidieae tribe (E). In the JK analysis, the Lepidieae are recovered as sister to the whole of lineage I, whereas in the ML/Bayes analyses it appears as sister to the rest of lineage I excluding Descurainieae and Smelowskieae (supplementary fig. S2A , Supplementary Material online). Finally, certain nodes were highly supported under one optimality criterion but not under the others. For example, the node sustaining the tribe Brassiceae received a JK and ML BS values ,51%, whereas the PP was 0.95. Lineage II, grouping the tribes Schizopetaleae, Sisymbrieae, Brassiceae and Isatideae (Koch and Al-Shehbaz 2009 ) received strong support under ML and Bayesian inference and no support with MP ( fig. 1) .
The majority of multigeneric tribes (e.g., Arabideae and Cardamineae) received moderate to high support in all three analyses, but a few were poly/paraphyletic with low support. The supermatrix approach presented here did not resolve the backbone of the family based on our data. Resolution with lineages I and III were higher in the Bayesian analysis (62% and 38% of nodes resolved), whereas the overall support within lineage II was half as . 1 ) with previously published, family-wide studies (Warwick and Sauder 2005; Al-Shehbaz et al. 2006; Bailey et al. 2006; Beilstein et al. 2006 Beilstein et al. , 2008 Warwick et al. 2007 Warwick et al. , 2008 Franzke et al. 2009 ) reveal that several tribal adjustments are needed and are addressed at the end of the discussion section below.
Molecular Dating
The supermatrix data set deviated from the strict molecular-clock model as indicated by the rate-variation coefficient (value not abutting against zero, mean 5 0.621; 95% CI 0.54-0.68). As shown by the rate of covariance, which was centered on zero (mean 5 0.067; 95% CI À0.02 to 0.169), the rates between adjacent branches were uncorrelated, and values indicated that a lognormal noncorrelated relaxed-clock method best fits the data (Peng et al. 2006; Drummond and Rambaut 2007) . Age estimates did not differ under the Yule or birth-death speciation models, and neither model better fitted the data under the Bayes factor (log BF was always ,1 for all nodes analyzed). The estimated dates for multigeneric clades pre-sented here are those inferred under the Yule speciation model (table 3) .
Rates of Diversification
Goodness-of-fit tests indicated that the mean Bayes LTT plot significantly deviated from expectations under constant diversification models with extinction rates of 0 and 0.9 (P 5 0.0103; P , 0.001, respectively). The LTT plots indicate that the family Brassicaceae did not follow a constant model of diversification during its evolutionary history. When compared with the null models, diversification rates appeared higher in the early stages of the family's evolution than toward the end. Two independent events of diversification change can be identified. One acceleration occurred at around 32 Ma till approximately 22 Ma (grey patch in fig. 2A and B) , after which diversification rates decreased. We fitted several models of diversification to the empirical observations. The diversification rateconstancy statistic DAIC Rv was found to be 65.36, indicating that the data better fitted a variable rate than a constant rate model of diversification. The five-parameter model, with two shifts in diversification, was identified as having the lowest AIC value among the other models tested, and therefore is selected as the best-fitted model to our data. 
MBE
The mean c-statistic as calculated from the posterior distribution of trees (mean À8.1; 95% CI 5 9.8-6.9) was negative indicating a deceleration of diversification through time. However, this value was not significantly higher (supplementary fig. S3 , Supplementary Material online) than the critical value found under the simulated constant rate model trees with incomplete taxon sampling (mean À10.76). This indicates that although we have a negative c-statistic, it is not significantly negative when compared with the null model.
Absolute rates of diversification within Brassicaceae varied from 0.156 (k 5 0.9) to 0.2 (k 5 0), whereas the rates in the core Brassicaceae ranged from 0.181 (k 5 0.9) to 0.223 (k 5 0).
Discussion
Nad4 Intron 1 Marker and the Supermatrix Approach Diversification in Brassicaceae · doi:10.1093/molbev/msp202 MBE is still lacking. Most studies focused on sampling one or few markers for approximately 40-100 genera (Bailey et al. 2006; Beilstein et al. 2006 Beilstein et al. , 2008 Franzke et al. 2009 ). We generated a supermatrix following Bailey et al. (2006) using all available data over eight genes and including 226 taxa representing 207 genera. Recently, numerous studies have used GenBank data to infer angiosperm familywide phylogenetic trees (Sanderson and Driskell 2003; McMahon and Sanderson 2006; Higdon et al. 2007) . By definition, a supermatrix includes substantial missing data (.60%) considered to pose serious problems for phylogenetic reconstruction and possibly leading to false relationships or severe lack of resolution. However, simulation studies have demonstrated that taxa with high levels of missing data can be accurately placed under most methods of phylogenetic analyses (Wiens 2003 (Wiens , 2006 Wiens and Moen 2008) and therefore should not be systematically excluded from the analysis. The supermatrix approach has been shown to perform well when reconstructing phylogenies of speciose clades (Wiens et al. 2005; Pirie et al. 2008) , and it allowed us to generate the largest multigenic phylogenetic tree for the Brassicaceae to date (207 of 338 genera or 61% of total). The resulting tree provides important insights into the systematics of the family on a broad scale and is discussed later. The level of resolution is relatively high, with the large majority of multigeneric tribes receiving high support values ( fig. 1 and table 3) . This unique large-scale phylogenetic framework of the family allows the testing and/or confirmation of the placement of several genera to tribes (see below). In general, the phylogeny agrees well with previous studies. Unfortunately, the supermatrix approach failed to recover any resolution at the deeper nodes, but this might be expected with early and rapid radiation of the family (see section ''Biogeography, Evolution and Diversification in Brassicaceae''). Our analysis strongly supports the sister placement of Aethionemeae tribe to the rest of the Brassicaceae confirming previous molecular studies (Bailey et al. 2006; Beilstein et al. 2006 Beilstein et al. , 2008 Franzke et al. 2009 ). The relationships between major tribal groupings (i.e., lineages I, II, and III) remain uncertain.
Although the support values returned by the three different optimality criteria used agreed well, a few strongly supported incongruences were found between the jackknife and the ML/Bayes analyses (supplementary fig. S2 , Supplementary Material online). Discrepancies between model based and parsimony methods have been shown before (Alfaro et al. 2003) . In our case, these differences could be related to the large amount of missing data found within our data set. Indeed, based on simulation analyses, maximum parsimony was unable to accurately place taxa with a large number of missing data (more than 75%) when compared with model-based methods (Wiens 2006) . The main reason is probably that ML and Bayesian inference methods are more robust to long-branch attraction (Alfaro et al. 2003; Wiens 2006) . For example, the sister relationship found between Bunias and Leiospora in the MP analysis (conflict C; fig. 1 and supplementary fig. S2 , Supplementary Material online) could well be the result of long-branch attraction.
Divergence Dates Estimates
Molecular dating within the Brassicaceae family have been limited and controversial (Koch and Al-Shehbaz 2009) . Techniques based on gene duplication, secondary fossil calibrations, or synonymous mutation rates were used to date the origin of the family (table 1) . However, no study has applied the more widely used approach of a direct or primary fossil calibration as appropriate fossils in the Brassicaceae or its related families are scarce. Here we present the first familywide divergence-dates estimates based on the fossil Dressiantha (Gandolfo et al. 1998) , which, to be incorporated, necessitated a sampling of families ''leading up to'' the Brassicaceae. The crown node of the family was estimated to be 37.6 (24.2-49.4) Ma. This estimate largely agrees with previous dates obtained from gene duplication events or synonymous substitution rates (table 1) . Moreover, the split between Rorippa and Sisymbrella was dated to around 4.5 Ma (table 3) , which agrees with the oldest known Brassicaceae macrofossil that can be attributed to a distinct taxon (Mai 1995) .
However, the 37.6 Ma date is significantly older than the 15 (1À35) Ma estimated by Franzke et al. (2009) under a relaxed molecular clock using the nad4 intron1 sequence data on a smaller sample of 45 Brassicaceae genera. In their study, the age estimation of the split between Moringaceae and Brassicaceae was used as a secondary calibration point following Wikström et al. (2001) . Interestingly, our results gave almost the same age estimate for that same split of 72 (47.9À90.5) Ma (tables 1 and 3). Thus, the observed discrepancies are unlikely due to different prior calibration points but rather the results of secondary calibrations not being equivalent to primary direct fossil observations. Indeed, Shaul and Graur (2002) showed that secondary calibration could lead to unreliable dates unless a normal prior distribution on the calibration (uncertainty accounted for) is applied, instead of a point calibration (uncertainty unaccounted for). Secondly, our taxon sampling is substantially higher (226 vs. 52 taxa) than that of Franzke et al. (2009) . Several studies have shown that taxon sampling plays an important role in estimating divergence dates and that smaller sampling can lead to erroneous age estimates (Linder et al. 2005; Pirie et al. 2005) . Thirdly, Franzke et al. (2009) included just one intron (nad4 intron1) in their analysis, and discrepancies of dates based on single versus multiple markers do occur (Magallon and Sanderson 2005) . In dating the origin of angiosperms, Magallon and Sanderson (2005) found that the youngest age of 139.84 Ma was provided by the psbA marker and the oldest estimate of 317.65 Ma by the rbcL gene. When all markers were combined, the origin was equivalent to the mean of individual markers (Magallon and Sanderson 2005) . Accuracy of molecular Couvreur et al. · doi:10.1093/molbev/msp202 MBE dating will depend on how well branch lengths are estimated, and it is generally accepted that single markers can be misleading, whereas combining multiple genes and increasing the number of sequence data will result in better age estimations (Drummond et al. 2006 ). Finally, little research has been done on the influence of missing data in the supermatrix on age estimations. However, it would appear that such data matrices do not influence the results under a relaxed molecular clock (Douzery et al. 2004 ). The addition herein of several markers might very well be responsible for the observed discrepancies over the age of the Brassicaceae.
Biogeography, Evolution, and Diversification in Brassicaceae
Several authors suggested that the lack of resolution at the deeper nodes in the Brassicaceae probably resulted from a rapid radiation of lineages during the early history of the family Bailey et al. 2006; Franzke et al. 2009 ). Such cases have been referred to as the ''bushes in the Tree of Life'', which are created by the rapid splitting of lineages leading to short branches too difficult to resolve even in the presence of significant data (Rokas and Carroll 2006) .
Previous phylogenetic studies in the Brassicaceae, based either on one gene with moderate sampling or on several genes with poor taxon sampling, did not resolve the deeper level relationships within the family. In the former case, the lack of resolution could have resulted from fewer data (soft polytomy), and the addition of data could resolve deeper relationships. In the latter case, the addition of extra markers could help resolve these polytomies by breaking up long branches. The concatenation of several markers for a large sampling of Brassicaceae genera, as presented here, did not provide significant extra resolution at the deeper nodes of the tree (fig. 1 ). Nevertheless, we analyzed the data to test the hypothesis of an early rapid radiation. The LTT plot, presented herein for the first time in the family, indicates that diversification was not constant over time ( fig. 2B ). This is also shown by the rate variable model that was selected as the best-fitting diversification model (DAIC Rv 5 65.36). Finally, the mean c-statistic was negative (mean À8.1; 95% CI 5 9.8-6.9), indicating that rates of diversification decelerated through time (Pybus and Harvey 2000) . It would appear as if diversification increased considerably after approximately 32 Ma. This corresponds to the origin of the core Brassicaceae and for the next 10 Ma during which most major lineages evolved ( Figs. 2A  and B, grey patch) . Indeed, all three lineages within the family (I, II, and II) originated at around the same time (table 3) . Finally, at approximately 22 Ma, diversification decelerated. The Brassicaceae is thought to have originated in the Irano-Turanian region, where the highest species diversity is found (Hedge 1976) and where Aethionema (ca. 50 spp.), the genus sister to the rest of the family is also most diversified, especially in Turkey ). Moreover, the ancestral area of the Cleomaceae, the sister family of Brassicaceae (Hall, Sytsma, et al. 2002) , is also be-lieved to have originated around the Mediterranean or Africa (Inda et al. 2008) . At the time of the origin of Brassicaceae (ca. 37 Ma) in the Eocene, a warm and humid climate predominated worldwide (Zachos et al. 2001) , including in Turkey (Akgün et al. 2002) , with tropical rain forests extending well into Europe (Morley 2003) . This would suggest that the Brassicaceae originated as a tropical/subtropical family as its sister families Cleomaceae and Capparaceae that are still largely tropical. A drastic global cooling episode took place between the Late Eocene and Early Oligocene (ca. 33 Ma; the ''big chill'' or terminal Eocene cooling event), involving the development of permanent continental ice sheets in Antarctica (Coetzee 1993; Zachos et al. 2001) . This cooling induced an increase in the deciduous/dry-adapted flora in Europe (Jacobs et al. 1999; Morley 2000) that led to numerous extinctions in 'moister' clades (Morley 2000 (Morley , 2003 . Interestingly, this date also corresponds to the origin of the core Brassicaceae (ca. 32 Ma) and thus with the perceived radiation event in the family ( fig. 2A and B and table 3 ). Such an event could have first led to the extinction of numerous ancestral tropicsadapted Brassicaceae. This would explain why the core Brassicaceae clade is subtended by a relatively long branch ( fig. 2A ). However, at around 32 Ma, the core Brassicaceae lineage radiated, which apparently did not take place in the Aethionemeae clade. Indeed, diversification rates within the core Brassicaceae range from 0.181 (high level of extinction; k 5 0.9) to 0.223 (no extinction; k 5 0). Such levels are comparable with the highest rates found in clades such as Lamiales (0.212, k 5 0) and Asterales (0.33, k 5 0) (Magallon and Sanderson 2001) . Thus, global cooling, which lasted well into the Oligocene (Jacobs et al. 1999; Morley 2000; Zachos et al. 2001) , appears to correlate well with the evolution of some key characters that enabled radiation of the Brassicaceae from approximately 32 Ma onward ( fig. 2B ). Pinpointing such characters will be a challenge in such a morphologically diverse group ; however, as most of this diversity is actually in the fruit morphology, it is not unlikely that for instance the indehiscent mode of fruit opening, is acting only when conditions are favorable (Mühlhausen et al. forthcoming) . Adaptation of Brassicaceae to the more arid climates contrasts with its sister families Cleomaceae and Capparaceae that are distributed primarily in the tropical regions with few representatives in the temperate zones. Because of the mid-Tertiary cooling event, the warm and humid environment in which the boreotropical species thrived was replaced by colder and more arid ones, forcing taxa either to migrate to lower latitudes or to face extinction. However, southern migration from Europe to Africa was not possible because of several geographical barriers, such as the Mediterranean Sea and the Alps (Morley 2003) . For comparison, taxa that dispersed during the Tertiary via the North Atlantic Land Bridge into North America, before the cooling event, took refuge in the southern part of that continent (Tiffney and Manchester 2001; Morley 2003) . Recent evidence would suggest that this scenario is applicable also to the Cleomaceae (Inda et al. 2008 ). However, Diversification in Brassicaceae · doi:10.1093/molbev/msp202 MBE although the Brassicaceae are easily dispersed, it is not possible to determine whether they were present in North America before the cooling event. Donoghue (2008) indicated that it might be easier for plant taxa to migrate than to evolve in situ new gene functions able to cope with the changing environment. In that respect, the Brassicaceae might represent a notable example. One interesting event that took place within the Brassicaceae evolution are whole genome duplications (WGD; Maere et al. 2005) or polyploidizations (Vision et al. 2000; Simillion et al. 2002; Ermolaeva et al. 2003; Henry et al. 2006) . Indeed, the Arabidopsis genome appears to have undergone at least three distinct WGD, the last one, termed a, occurred between 40 and 30 Ma (Vision et al. 2000; Simillion et al. 2002; Ermolaeva et al. 2003; Henry et al. 2006; Fawcett et al. 2009 ). It is well established that WGD has played an important role in the evolution and diversification of eukaryotes such as yeasts (Kellis et al. 2004) , vertebrates (Ohno 1970; Wang and Gu 2000; Dehal and Boore 2005) , and angiosperms (Adams and Wendel 2005; De Bodt et al. 2005; Soltis 2005; Soltis et al. 2009 ). WGD can provide significant novel sources of genetic material on which mutation, drift, and selection can act, perhaps rendering new evolutionary opportunities relatively fast Crow and Wagner 2006; Ha et al. 2009; Soltis et al. 2009 ) and could be associated to rapid diversification in Brassicaceae (Soltis et al. 2009 ). Indeed, WGD has been shown in recent polyploid Brassicaceae taxa to increase expression diversity of regulatory networks of genes, thus putatively enhancing morphological and adaptive evolution (Ha et al. 2009 ). Several studies that dated the origin of the last genome duplication in Brassicaceae agree well with the dates presented here (37À32 Ma; tables 1 and 3). The occurrence of genome duplication likely provided a fast way to adapt to climate changes. This duplication, combined with the increase of new available ecological niches, could have favored the rapid adaptive radiation. One prediction would be that this genome duplication likely took place in the core Brassicaceae that radiated but not in the Aethionemeae, a tribe presently included only approximately 50 species. Evidence for such a hypothesis can be drawn from Galloway et al. (1998) , who found that the arginine decarboxylase (adc) gene family was duplicated in ten core Brassicaceae genera but not in Aethionema. However, more extensive studies are needed to confirm this view (Schranz and Mitchell-Olds 2006) .
Our data suggest that the ancestor of Brassicaceae originated in a tropical environment and then radiated due to the onset of aridification and global cooling. Such a scenario contrasts with that of Franzke et al. (2009) in which the Brassicaceae originally arose in open and dry areas from tropical humid-adapted Capparaceae/Cleomaceae ancestors. Given the close relationship of Brassicaceae to two primarily tropical plant families, and based on the new age and diversification dates presented here, this later scenario might not be as robust as previously thought. In any case, more familywide data on genome evolution and duplication are needed to adequately test either scenario.
Although our data apparently support an early radiation, it was not robust to the type I error (accepting a hypothesis when it is false) as provided by the c-statistic. Under a rapid early radiation, we would expect nodes to be more localized at the base of the phylogeny leading to a negative c-statistic (Pybus and Harvey 2000) . In our case, it is not more than that expected under the null model of constant diversification rate (supplementary fig. S2, Supplementary Material online) , and using a model designed to take into account the incomplete taxon sampling (Pybus and Harvey 2000) . Therefore, our results should to be taken as tentative. To achieve a more robust conclusion and more confident phylogenetic hypothesis, more genera should be included.
Systematics of Brassicaceae
In general, most of the recently recognized tribes (see Al-Shehbazet al. 2006; Al-Shehbaz and Warwick 2007; German and Al-Shehbaz, 2008) are confirmed as monophyletic under extensive generic sampling presented herein. These are Aethionemeae, Schizopetaleae s.l., Eutremeae, Calepineae, Arabideae, Conringieae, Cochlearieae, Heliophileae, Iberideae, Alysseae, Biscutelleae, Euclidieae, Anchonieae, Hesperideae, Chorisporeae, Boechereae, Halimolobeae, Erysimeae, Physarieae, Cardamineae, Lepidieae, Smelowskieae, and Descurainieae.
Many genera, not previously sampled, are assigned to tribes, whereas a few others show new but controversial tribal assignments. Furthermore, many other genera stand alone in separate, well-resolved lineages and, undoubtedly, these ought to be assigned to new tribes. A brief discussion on all these matters is discussed below.
1. Tribe Malcolmieae: The present data are in complete agreement with the recent delimitation of the tribe (Al-Shehbaz and . The genera Anastatica, Parolinia, and Lachnoloma are assigned herein to this tribe, and they share with the other nine genera characters such as accumbent cotyledons, stellate or sessile trichomes, divided locules, base chromosome number of x 5 11, or horned fruits.
2. Tribe Isatideae: The present tribal delimitation agrees with that of Al-Shehbaz et al. (2006) except for the genera Glastaria and Spirorrhynchus, neither of which was included in our study. The former genus has not yet been studied, and the latter was assigned by German and Al-Shehbaz (2008) to the tribe Calepineae. The placement herein of the aquatic Subularia in the Isatideae is not supported by morphology and needs further study.
3. Tribe Thlaspideae: Three genera (Peltariopsis, Elburzia, and Didymophysa) are added herein to the seven genera previously assigned to this tribe MBE and the phyA phylogeny of Beilstein et al. (2008) , where the Camelineae were not supported as monophyletic. These disagreements highlight the need for further studies, and it is likely that the tribe needs to be divided into a few smaller ones. An alternative solution would be to expand tribe Camelineae. 5. Tribe Dontostemoneae: As delimited by Al-Shehbaz and , the tribe consists of Clausia and Dontostemon. Our ML and Bayes analyses show that it is paraphyletic, with Dontostemon sister to the tribe Chorisporeae. This was however only weakly supported in all analyses.
6. Tribe Buniadeae: This monogeneric tribe of two species strongly clusters within lineage III, but its exact placement is not resolved. In the JK analysis, Bunias is recovered as sister to Leiospora of the tribe Euclidieae.
7. Tribe Aphragmeae: This tribe is only moderately recovered under the Bayes analysis (PP 5 0.9), and the ML and MP analyses did not provide any support for it. The placement of Idahoa herein is new but weakly supported. However, in previous analyses, the position of Idahoa was also ambiguous and inconclusive when using the cpDNA ndhF and nDNA phyA markers (Beilstein et al. , 2008 . Obviously, the tribal placement of Idahoa requires further studies.
8. Tribe Noccaeeae: This tribe received moderate support under both MP and ML analyses but was not recovered under the Bayes one. The close relationship between the Noccaeeae, Cochlearieae, and Conringieae is implied under the Bayes analyses (PP 5 0.92) but not under the MP or ML ones. 9. Tribe Brassiceae: All previous studies (see Warwick and Sauder, 2005 ; and references therein) demonstrated that the tribe is monophyletic. The placement herein of Horwoodia, Nasturtiopsis, and Sisymbrium in this tribe is not supported by morphological data, especially the two principal characters on which the tribe is delimited (conduplicate cotyledons and segmented fruits).
10. Unplaced genera: Several genera (e.g., Asta, Chamira, Cremolobus, Kernera, Mathewsia, Menonvillea, Murbeckiella, Notothlaspi, and Oreophyton) have not yet been assigned to tribes. Because most of these genera fall in well-resolved lineages distinct from the recognized 33 tribes, new monogeneric or oligogeneric tribes ought to be established. These will be addressed in a separate publication.
Conclusion
A fully resolved phylogenetic framework for the Brassicaceae family will undoubtedly provide a major advancement for the systematics of this taxonomically difficult group ) and will open a new era of evolutionary research on a higher order level. The wealth of genetic and genomic information for the model organism Arabidopsis thaliana provide an important comparative framework for studying the molecular and genomic evolution in plants (Hall, Fiebig, et al. 2002; Schranz et al. 2007) . Several evolutionary studies in Brassicaceae relied on molecular phylogenies to, for instance, identify suitable model systems (Mitchell-Olds 2001) or test evolutionary hypotheses (chromosome and karyotype evolution, Mandakova and Lysak 2008 ; evolution of genome size, Lysak et al. 2009 ).
The supermatrix approach followed here allowed the synthesis of available data as well as generation of the largest and most comprehensive multigene phylogeny of Brassicaceae to date. Such an approach is being widely used for other large plant families (e.g., Arecaceae, Baker et al. 2009, Annonaceae; Chatrou L, personal communication) .
Based on 61% generic-level coverage of the family, we found phylogenetic relationships still far from being fully resolved, and in particular with regard to the deeper nodes. We argue that the lack of resolution could be related to a rapid radiation triggered by a combination of genome duplication and climate change. In that case, no data set would be large enough to resolve relationships, although entire genome sequences for a larger number of genera (Eisen and Fraser 2003; Philippe et al. 2005) was recently found to be successful (Moore et al. 2007; Dunn et al. 2008; Hackett et al. 2008) . Alternatively, SINEs proved most successful in reconstructing relationships within baleen whale radiations (Nikaido et al. 2006 ) and thus such homoplasy-free markers could prove useful in Brassicaceae systematics (Tatout et al. 1999; Deragon and Zhang 2005) . In parallel, cytogenetic approaches are promising and revealed general patterns of genome evolution (Schranz et al. 2007) . A set of carefully selected whole genome sequences over the entire family, combined with robust comprehensive phylogenetic hypothesis and a deep understanding on genome and chromosome evolution, will result in an important in-depth understanding of the evolution of an entire large plant family.
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